Abstract Employing recent TP-AGB synthesis, we have carried out a detailed study of Mira variables by means of a population synthesis code. We estimate that the total number of Mira variables in the Galaxy is from about 100 000 to 600 000 and their average lifetimes are between about 150 000 and 830 000 yr. The ratio of the number of O-Mira variables to that of C-Mira variables ranges from about 0.68 to 6.2. The effects of input physical parameters (mass loss rate, the minimum core mass for the third dredge-up, the third dredge-up efficiency and theoretical criterion for selecting Mira variables) on the Mira population are discussed.
INTRODUCTION
Stars whose initial masses are between 0.9 M and 8.0 M go through an asymptotic giant branch (AGB) phase at the end of their life. As stars ascend along the AGB, it appears that they begin to pulsate when their effective temperatures drop below a certain level and the luminosities increase to a certain value. When the amplitude tends to increase with decreasing temperature and appreciable periodicity for stars in a high radial overtone drops gradually into a lower overtone, the stars approach the Mira stage (Percy 1997) . At the top of the AGB, Mira variables (Miras) have carbon cores, surrounded by helium-rich layers, which in turn are surrounded by hydrogen-rich envelopes, and they are the coolest and the most luminous AGB stars. For Miras, detailed studies mainly focus on two aspects (Whitelock et al. 2007 ): i) the connection between mass loss and stellar parameters, such as stellar radius, stellar luminosity, etc.; ii) a period-luminosity relation between extreme luminosities and pulsation periods, giving Miras great potential as standard candles among old populations, which is very useful for galactic structure studies. In the past several decades, large numbers of observational data on Miras have been published, such as Feast et al. (1989) , Hughes & Wood (1990) , van Leeuwen et al. (1997) , and Menzies et al. (2006) .
The general principle of AGB stellar evolution is well understood (Iben & Renzini 1983 ). However, due to extremely long CPU computing times, calculating full stellar evolution models of AGB stars is very difficult. Therefore, Iben & Truran (1978) first used synthetic evolution models for the AGB stars. According to the results in Iben & Truran (1978) , Renzini & Voli (1981) used analytic algorithms to describe the evolution of the surface chemical abundances of intermediate-mass stars. Groenewegen & de Jong (1993) (hereafter GdJ93) showed a more realistic model for synthetic AGB evolution in which the variation of the luminosity during the interpulse period and the effect of hot bottom burning (HBB) were included. Considering the rapid luminosity variations during a thermal pulse, Wagenhuber & Groenewegen (1998) (hereafter WG98) provided a fully updated and improved set of relations with respect to GdJ93. Karakas et al. (2002) (hereafter K02) showed the dependence of evolutionary behavior (such as the dredge-up law) on the various stellar parameters. Combining the treatment of dredge-up and HBB in GdJ93 and WG98 with the results in K02, Izzard et al. (2004) (hereafter I04) gave a new synthetic model for AGB stars. According to the analytical relations (WG98, K02 and I04) and some significantly theoretical improvements on the AGB stars (such as molecular opacities, massloss rate and pulsation modes), Marigo & Girardi (2007) updated the synthetic AGB models.
Therefore, it is possible to study Miras by theoretically synthetic models of AGB stars and understand some physical processes or constrain some physical parameters on the AGB phase by the observed properties of Miras. In the present paper, according to the recent synthetic models of AGBs (including GdJ93, WG98, K02, I04 and MG07), we simulate Miras (including their properties and some potentially observable parameters) in the Galaxy by using a Monte Carlo technique. By comparing simulated results with observational data of Miras, we give the effects of the mass loss rate, the third dredge-up (TDU) efficiency and the minimum core mass for TDU.
In Section 2, we present our assumptions and describe some details of the modeling algorithm. In Section 3, we discuss the main results. In Section 4, the main conclusions are given.
THE MODEL

Synthesis TP-AGB Evolution
Stellar evolution from the zero age main sequence up to the first thermal pulse is dealt with in the rapid evolution code of Hurley et al. (2000) . After the first thermal pulse, we use a detailed synthetic model for thermal pulse AGB (TP-AGB).
Chemical abundance on the stellar surface
Based on observations, Miras can be divided into oxygen-rich Miras (O-Miras) and carbon-rich Miras (C-Miras) according to the ratio of the number of carbon atoms to that of oxygen atoms on the stellar surface which is denoted as C/O (Wood & Cahn 1977) . The star is called an O-Mira if C/O in the stellar surface during the Mira phase is less than 1, or else is called a C-Mira. The chemical abundances on the stellar surface can be changed by three dredge-up processes and HBB. The initial abundances are taken from Anders & Grevesse (1989) .
When stars ascend along the first giant branch, they will undergo first dredge-up. The stars whose core mass at the start of the early AGB is more massive than 0.8 M will experience second dredgeup. Following Renzini & Voli (1981) and GdJ93, I04 gave a better analysis formula for the changes of chemical abundances on the stellar surface with an extension to include the minority species. In this work, we use the formula in I04 for the first and second dredge-ups. According to the synthesis model for TDU and HBB in I04 and GdJ93, Lü et al. (2008) and Zhu et al. (2008) simulate the evolution of chemical abundances on the stellar surface during the TP-AGB phase. In this work, we use their model. All details can be seen in Lü et al. (2008) and Zhu et al. (2008) . In the following several subsections, we show the synthesis model of TP-AGB evolution in this work.
Core mass at the first thermal pulse
By using the rapid evolution code of Hurley et al. (2000) , we can obtain the stellar mass (M 1TP ) and radius at the first thermal pulse. The core mass at the first thermal pulse, M c,1TP , is taken from K02:
where f = (1 + e
) ) −1 and the coefficients are seen in table 6 of K02, and M 0 is the initial mass in solar units.
Luminosity, radius, interpulse period and evolution of the core mass
We use the prescriptions of I04. The luminosity L and radius R are taken from equations (29) and (35) in I04, respectively . The radius and luminosity satisfy L = 4πσR 2 T 4 eff , where σ is the Stefan-Boltzmann constant and T eff is the effective temperature of the star. The interpulse period τ ip marks the duration of a thermal pulse, and τ ip is:
where M c is the core mass and the TDU efficiency λ is defined in Subsection 2.1.4. The coefficients are
where M env represents the envelope mass, α is the mixing length parameter and equals to 1.75, ζ = log(Z/0.02), and ∆M c is the change in core mass defined by
The minimum core mass for TDU and TDU efficiency
TDU can only occur for stars with core masses larger than a certain core mass M 
where coefficients are shown in 
In this work, we carry out a series of numerical simulations (see Table 1 ):
In MG07, the correction for overshooting was considered so that their result approximates that of K02. In order to include an extreme M ∆Mc where ∆M dred is the mass brought up to the stellar surface during a thermal pulse. λ is a very uncertain parameter. K02 showed a relation of λ: Eq. (8) where λ increases gradually towards an asymptotic λ max with N (the progressive number of thermal pulsations) increasing. N r is taken from equation (6) in MG07 which reproduces the results for N r in table 5 of K02. λ max is given by (see eq. (6) in K02):
where coefficients are shown in table 8 of K02.
In the present paper, we carry out different numerical simulations for λ and λ max (see Table 1 ).
Mass loss
During the TP-AGB phase, the star experiences significant mass loss whose mechanism is unknown. Mass loss has effects on the evolution of the AGB star including stellar final mass and chemical yield (Stancliffe & Jeffery 2007) . We run several simulations by different mass loss rates. Up to the first thermal pulse, the mass loss rates are given by Reimers' formula (Reimers 1975) :
where L, R and M are the stellar luminosity, radius, and mass, respectively, in solar units and the free parameter η = 0.5. During the TP-AGB phase, the following mass loss rates are used in different cases:
(i) Vassiliadis & Wood (1993) suggested a mass loss relation based on observations by
where P 0 is the Mira pulsation period in days given by log 10 (P 0 ) = −2.07 + 1.94 log 10 (R/R ) − 0.90 log 10 (M/M ) .
When P 0 ≥ 500 d, the steady super-wind phase is modeled by the laẇ
where v ∞ is the terminal velocity of the super-wind in km s −1 ; we use v ∞ = 15 km s −1 in this paper.
(ii) We still use Reimers' formula but η = 1.5 for TP-AGB stars. (iii) Based on the simulations of shock-driven winds in the atmospheres of Mira-like stars (Bowen 1988 ), Blöcker (1995) gave a mass loss rate similar to Reimers' formulȧ
whereṀ Reimers is given by Equation (7) 
Miras' Positions in Hertzsprung-Russell (HR) Diagram
It is unknown when an AGB star becomes a Mira. In the present paper, we use the following two criteria for Miras:
(i) The Miras appear in a limited region in the HR diagram. According to observational data, Groenewegen & de Jong (1994) and Gautschy (1999) discussed this region. The most widely used definition that attempts to determine the region in the HR diagram where stars become Miras is the work of Gautschy (1999) . Following Gautschy (1999), we assume that stars are Miras if their effective temperatures T eff are lower than 10 3.49 K and their luminosities are higher than 10 3.25 L (also see Zhu & Zha 2005 , Ferrarotti & Gail 2006 and Lü et al. 2007 ).
(ii) In regards to the pulsation mode of Miras, which are either the fundamental mode or the first overtone pulsator, it is very controversial (e.g. Wood & Sebo 1996; Feast 1996; Hofmann et al. 2002) . MG07 believed that all stars start their AGB evolution as first overtone pulsators, and the transition from the first overtone to the fundamental mode pulsation may take place when a minimum luminosity L 1−0 is reached. We assume that the stars evolve into Miras when their luminosities are higher than L 1−0 . Using the results of the pulsation models in Ostlie & Cox (1986) , MG07 gave a good fitting relation by:
.516 + 2.277 log M/M + 5.046 log T eff − 0.084 log(Z/0.02).
In our simulations, the Miras selected by criterion (i) and criterion (ii) are simply noted as Miras (i) and Miras (ii) , respectively.
Basic Parameters of the Monte Carlo Simulation
For the population synthesis of single stars, the main input parameters of the model are: (i) the initial mass function (IMF); (ii) the lower and upper mass cut-offs M l and M u to the initial mass function; (iii) the relative age of the single stellar population; (iv) the metallicity Z of the star. A simple approximation to the IMF in Miller & Scalo (1979) is used. The stellar mass is generated using the formula suggested by Eggleton et al. (1989) 
where X is a random variable uniformly distributed in the range [0,1], and M initial is the stellar mass from 0.8 M to 8 M . This work attempts to simulate Miras in the Galactic disk. Z is taken as 0.02. We take 1 × 10 6 stars for each simulation. To calculate the average lifetime and number of Miras, we assume that one star with M initial ≥ 0.8 M is formed annually in the Galactic disk (Yungelson & Tutukov 1993; Han et al. 1995; Lü et al. 2006 ).
RESULTS
We construct a set of models in which we vary different input parameters relevant to Miras. Table 1 lists all cases considered in the present work.
Lifetime and Number of Miras
First, we discuss the gross properties of the modeled population of Miras and then proceed to the more detailed comparison of the influence of different assumptions. As Table 2 shows, the numbers of Miras (i) in the Galaxy may range from 1.01 × 10 5 (case 4) to 2.23 × 10 5 (case 2). Their average lifetimes are from 1.47 × 10 5 yr (case 4) to 4.02 × 10 5 yr (case 2). In Table 3 Figure 2 . For the stars with masses larger than 5 M , they enter the Mira phase earlier under criterion (ii) than under criterion (i).
Table 2 Different Models of Miras
Lifetime Number Lifetime Number Lifetime Number Lifetime Number Lifetime Number 10 5 yr 10 4 10 5 yr 10 4 10 5 yr 10 4 10 5 yr 10 4 10 5 yr 10 4 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) The first column gives case number according to Table 1 . Cols. (2), (4), (6), (8) and (10) Table 2 , but for Miras Ignoring mass loss, Wood & Cahn (1977) estimated Mira lifetimes of about 4 × 10 5 yr, which is consistent with ours. The average lifetime of a Mira estimated by observations is about 6×10 4 yr (Wood 1990) . Our results are about 2.5 − 12 times longer than the observations. The main reason originates from mass loss. From case 1 to cases 2 and 3, it is obvious that the Mira lifetime depends strongly on mass loss. As Wood (1990) mentioned, the mass loss rates in the theoretical lifetime are not sufficiently high. Therefore, we overestimate the lifetimes and numbers of Miras in this work.
For Miras (i) , the average lifetimes of O-Miras (i) and C-Miras (i) are from 1.45 × 10 5 yr (case 9) to 3.09 × 10 5 yr (case 2) and from 9.6 × 10 4 yr (case 4) to 4.13 × 10 5 yr (case 2), respectively. The ranges of their numbers in the Galaxy are from 6.29 × 10 4 (case 9) to 1.33 × 10 5 (case 2) for O-Miras (i) and from 1.40 × 10 4 (case 4) to 9.44 × 10 4 (case 7) for C-Miras (i) . The ratios of the number of O-Miras (i) to that of C-Miras (i) range from about 0.68 (case 7) to 6.2 (case 4). For Miras (ii) , the average lifetimes of O-Miras
(ii) and C-Miras (ii) are from 5.27 × 10 5 yr (cases 8 and 9) to 5.90 × 10 5 yr (case 3) and from 3.76 × 10 5 yr (case 8) to 8.72 × 10 5 yr (case 7), respectively. The ranges of their numbers in the Galaxy are from 2.96 × 10 5 (case 9) to 3.56 × 10 5 (case 3) for O-Miras (ii) and from 8.14 × 10 4 (case 4) to 2.88 × 10 5 (case 7) for C-Miras (ii) . The ratios of the number of O-Miras (ii) to that of C-Miras (ii) range from about 1.32 (case 7) to 4.3 (case 4).
For an optically selected sample, Wood & Cahn (1977) found that the number ratio of O-Miras to that of C-Miras is about 14, which is higher than ours. According to Ferrarotti & Gail (2006) , when stars have high enough mass loss rate and low effective temperature, they produce dust. In general, C-Miras have lower effective temperature and higher mass loss rate than O-Miras (see Fig. 2 ). It is easier for CMiras to produce thick dust shells than O-Miras, therefore it is more difficult for C-Miras to be detected in the optical spectrum. The result in Wood & Cahn (1977) may be biased. Olivier et al. (2001) showed that dust enshrouding Miras are biased to long period stars and the ratio of O-Miras to C-Miras with thick dust shells is about 1. Ferrarotti & Gail (2006) found a critical period P ≈ 500 d at which a star transits from a visible Mira to one with massive thick dust shells. In our simulations, the number ratios of O-Miras (i) to C-Miras (i) with P 0 >500 d are from about 0.55 (case 9) to 1.19 (case 2). The ratios for Miras
(ii) are from 0.58 (case 9) to 1.60 (case 4). Our result is consistent with observations. From the number ratios of O-Miras to C-Miras with or without P 0 >500 d, one can find that the ratios are greatly determined by TDU efficiency λ which is affected by M min c and λ max .
The Effects of Parameters
In this subsection, we discuss the effects of mass loss rate M Figure 2 , the different evolutionary phases during TP-AGB in the HR diagram are given. For the stars whose initial masses are higher than 4 M , their luminosities have greatly protuberant curves which stem from HBB. The luminosity produced by HBB depends on the mass of the stellar envelope. After reaching a maximum, the total luminosity exhibits a final decline due to the decrease in the envelope's mass, and finally converges to the value predicted by the core mass-luminosity. In addition, no C-stars whose initial masses are higher than 4 M result from HBB. For different mass loss rates (see panels (a) and (b) in Fig. 2) , the mass loss rate in case 3 (B95) depends on the stellar luminosity more than that in case 1. Thus, the mass loss rate increases more rapidly with the increase of stellar luminosity, which results in a sharp decrease of stellar envelope mass, and then the extinguishing of HBB. So, the star cannot reach the maximum luminosity which it achieves in case 1.
As Equation (12) shows, the critical luminosity L 1−0 depends on the stellar mass and effective temperature. For a given temperature, the lower the stellar mass is, the lower L 1−0 is. Low mass stars satisfy criterion (ii) for earlier selecting Miras. For the stars with initial masses larger than 4 M , due to HBB, the luminosities rapidly are enhanced, and can reach L 1−0 at their maximum.
Core mass: During the TP-AGB phase, the core mass evolution is very important because it determines stellar luminosity. In Figure 3 , the core mass at the first thermal pulse and the final core mass at the end of TP-AGB are shown. Comparing with cases 1 and 3, mass loss rate in this work has no major effect on the core mass evolution of TP-AGB. As Figure 3 shows, case 8 gives the high final core mass due to a low TDU efficiency (λ = 0.5).
Variety of C/O: Figure 4 shows the varieties of C/O during the TP-AGB phase. It represents the changes of λ. In the panel (a) of Figure 4 , for a star with initial mass 1.5 M , C/O changes in case 8 (λ = 0.5), while it does not change in cases 1 and 3 (B95) because λ max ≈ 0 (see fig. 4 . In panel Lifetime: Figure 5 gives the stellar lifetimes in different evolutionary phases. The phases of Cstars, Miras (i) and Miras (ii) are a small fraction of the whole TP-AGB. For stars with lower masses, the lifetimes of Miras (ii) are longer than those of Miras (i) , while they are similar for the stars with masses higher than 5 M . As Figure 5 shows, the mass loss rate, M min c and λ can affect the duration of C-stars, Miras (i) and Miras (ii) . In panels (a) and (b) of Figure 5 , there are lower durations around initial mass 3 M for C-stars, Miras (i) and Miras (ii) . The main reason is the following: for a star with initial mass 3 M , due to M min c M c,1TP when the star evolves into the TP-AGB phase (see Fig. 1 ), TDU with a high efficiency λ can occur. The increase of its core mass is slow so that it has remained unchanged a long time before it enters the C-star, Mira (i) and Mira (ii) phases. According to the above discussions, we give the effects of input physical parameters: Mass loss rate: The description of mass loss can be seen in Section 2.1.5. The mass loss rate of Equation (8) obviously depends on the stellar pulsational period. The mass loss rate of Equation (11) depends on the luminosity more than that of Equation (11). A high mass loss rate during the Mira phase results in a quick decrease of the stellar envelope mass. Then, the duration of Miras will shorten. For Miras (i) , stars have entered the later phase of the AGB and generally have long pulsational periods. The average mass loss rate of Equation (8) during the Mira (i) phase is higher than that of Equations (7) and (11). The average lifetime of Miras (i) in case 1 is shorter and the number is smaller than those in cases 2 and 3. However, for Miras
(ii) , stars still stay in the early phase of the AGB, and have short pulsational periods and low luminosity. Therefore, the average mass loss rate of Equation (7) during its Mira
(ii) phase is higher than those of Equations (8) and (11). Willson gave a detailed description of d(logṀ )/d(log L) for the above three mass loss laws (see fig. 1 in Willson (2007) ). For the average lifetime and the number of Miras in the Galaxy, the mass loss rate introduces an uncertainty up to a factor of about 3.
The minimum core mass for TDU M min c
: M min c determines the lowest initial mass for TDU and directly affects C/O changes of the low mass star. As Tables 2 and 3 show, the number of C-Miras (i) or 
CONCLUSIONS
Employing the population synthesis method, we perform a detailed study of Miras. Several important conclusions can be drawn:
(1) In the Galaxy, there are about 100 000 to 600 000 Miras and their lifetimes are between 150 000 and 830 000 yr. The ratio of the number of O-Miras to that of C-Miras ranges from 0.68 to 6.2. (2) The mass loss rate has a great effect on the lifetimes of Miras, up to a factor of about 3. The ratio of the number of O-Miras to that of C-Miras is chiefly determined by M min c (It introduces an uncertainty up to a factor of about 3) and λ (It introduces an uncertainty up to a factor of about 4). The theoretical criteria for selecting Miras are crucial for studying the population of Miras up to a factor of about 4 for their number and average lifetime. (3) The ranges of the initial masses of the progenitors of Miras are mainly from about 1.0 M to 2.0 M . The theoretical criteria for selecting Miras have a great effect on the distribution of CMiras' masses. For C-Miras (i) and C-Miras (ii) , the peaks are around 2.0 M and 1.7 M , respectively.
